Oxalic acid and dimethylamine are the most common organic acid and base in the atmosphere, and are recognized as significant precursor species in atmospheric new particle formation. However, the interaction between oxalic acid and dimethylamine in the presence of hydration is not yet understood. In this study, the most stable geometric structures and thermodynamics of (C 2 H 2 O 4 ) m (CH 3 NHCH 3 )(H 2 O) n (m ¼ 1-2, n ¼ 0-4) clusters are investigated using M06-2X coupled with the 6-311+G(2d,p) basis set. A high level explicitly corrected CCSD(T)-F12/VDZ-F12 method is utilized to benchmark the density functional theory (DFT) methods. Hydration promotes proton transfer from oxalic acid to dimethylamine for (C 2 H 2 O 4 )(CH 3 NHCH 3 )(H 2 O) n (n ¼ 0-4) clusters, while proton transfer from oxalic acid to dimethylamine occurs without hydration for (C 2 H 2 O 4 ) 2 (CH 3 NHCH 3 )(H 2 O) n (n ¼ 0-4) clusters. With regards to the isomer distribution at the potential energy surface, temperature seems not to be an important parameter, since almost all of the global minima for the investigated size range dominate within the investigated temperature range, except for in the (C 2 H 2 O 4 ) m (CH 3 NHCH 3 )(H 2 O) 2 clusters. Under atmospheric conditions, the peak hydration distribution shifts from unhydrated clusters to trihydrates for the (C 2 H 2 O 4 )(CH 3 NHCH 3 )(H 2 O) n (n ¼ 0-4) clusters, while for the (C 2 H 2 O 4 ) 2 (CH 3 NHCH 3 )(H 2 O) n (n ¼ 0-4) clusters, unhydrated clusters clearly dominate the cluster distribution, irrespective of whether the humidity is low or high. Finally, the formation free energies obtained from quantum calculations are used to calculate the evaporation rates. We find that evaporation of dimethylamine is preferred compared to oxalic acid for the (C 2 H 2 O 4 )(CH 3 NHCH 3 )(H 2 O) n clusters, while the results are reversed for the (C 2 H 2 O 4 ) 2 (CH 3 NHCH 3 )(H 2 O) n clusters.
Introduction
Aerosols have a tremendous impact on the Earth's radiation budget, cloud formation, photochemical chemistry, human health, and the climate system. 1-10 New particle formation (NPF) contributes signicantly to the number of aerosol particles and cloud condensation nuclei (CCN). 11 Although a large amount of research has been conducted, the mechanisms of aerosol nucleation are still not well understood, 8, 12, 13 especially in terms of measuring the chemical composition of newly nucleated clusters. [14] [15] [16] [17] [18] [19] Sulfuric acid (SA) has been identied as a critical nucleation precursor. However, binary homogeneous nucleation of sulfuric acid and water is insufficient to explain the nucleation events under actual atmospheric conditions measured in the eld, due to the low concentration of SA in the range of 10 5 to 10 7 cm À3 , 8, 12, 13 which indicates that other species may participate in nucleation. [20] [21] [22] So far, several nucleation mechanisms have been proposed to account for new particle formation under different atmospheric environments, such as ternary nucleation by sulfuric acid/water and ammonia/amines, [23] [24] [25] [26] [27] [28] [29] [30] ion induced nucleation, 31, 32 organic acids, [33] [34] [35] [36] [37] and iodine oxides.
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Numerous atmospheric observations have shown that amines [38] [39] [40] [41] and organic acids 12 participate in nucleation. Theoretical calculations on the interaction of carboxylic acids and amines with sulfuric acid show that sulfuric acid can connect strongly with both carboxylic acids and amines via hydrogen bonding. 36, [42] [43] [44] [45] [46] Dicarboxylic acids have been frequently found in signicant concentrations, and participate in ice nucleation, [47] [48] [49] cloud condensation, 50 and the production of ne particulate matter. 32, 51 In particular, oxalic acid (OA) is the most common dicarboxylic acid in the atmosphere and a major constituent of aerosol particles, present at concentrations 2-3 orders of magnitude higher than NH 3 . 15, 52, 53 In addition, another study has shown that dicarboxylic acids have lower saturation vapor pressures than monocarboxylic acids, indicating that dicarboxylic acids may play a more signicant role in new particle formation. 54 A theoretical investigation by Xu et al. predicted that oxalic acid binds strongly with sulfuric acid. 36 Furthermore, density functional theory (DFT) calculations revealed that oxalic acid could enhance the stability of ionic clusters, promoting the formation of positively charged clusters. 45 Another DFT study by Ehn et al. indicated that oxalic, malonic, and succinic acids stabilize anionic bisulfate clusters. 55 In addition, the subsequent hydration of the (C 2 H 2 O 4 )(NH 3 ) core has been found to be energetically favorable, indicating that oxalic acid and ammonia can participate in atmospheric aerosol nucleation.
56,57
Amines have been reported to participate in nucleation during new particle formation events. 38 Various quantum calculations have revealed that amines stabilize sulfuric acid clusters more efficiently than ammonia. 42, 43, 58 Additionally, laboratory studies and recent eld observations have suggested that the presence of amines has a considerable effect on new particle formation. [39] [40] [41] Dimethylamine (DMA) is the strongest and most common base in the atmosphere, 59, 60 and it can rapidly undergo acid-base reactions, which enhance neutral and ion-induced sulfuric acid-water nucleation. 42, 58, 61, 62 Experiments using the CLOUD chamber at CERN have demonstrated that DMA concentrations exceeding three parts per trillion by volume are able to increase the new particle formation rate by more than 3 orders of magnitude relative to that seen with ammonia. 41 However, the concentration of amines in the atmosphere is several orders of magnitude lower than the concentration of dicarboxylic acids. It has been indicated that molecular complexes containing amines and dicarboxylic acids may play an important role in atmospheric conditions.
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Although a larger number of theoretical calculations have investigated the effect of carboxylic acid and amines on sulfuric acid nucleation, 37, 64, 65 the inuence of the interaction between oxalic acid and dimethylamine in the presence of hydration has not yet been studied. Here, we investigate the possibility of oxalic acid behaving in a similar manner to the ternary sulfuric acid, dimethylamine and water system. The subsequent hydration of OA-DMA is studied using DFT at the M06-2X/6-311+G(2d,p) level. We benchmark and utilize high level coupled cluster analysis to accurately determine the binding energies of the clusters. We also discuss the atmospheric implications of the present results for nucleation. In addition, the effects of temperature on the formation of (C 2 H 2 O 4 ) m (CH 3 NHCH 3 )(H 2 O) n (m ¼ 1-2, n ¼ 0-4) clusters, and the atmospheric relevance of these effects are also studied. Finally, the formation free energies obtained from quantum calculations are used to calculate the evaporation rates.
Theoretical methods
The initial geometries of the (
were obtained using the Basin-Hopping (BH) algorithm 66 coupled with DFT. In previous studies, this method has been successfully applied to atomic and molecular systems. [66] [67] [68] [69] [70] [71] [72] [73] [74] In this method, a new structure is generated through the random displacement of atoms, and then the structure is optimized to a local minimum. The optimized local energy minimum is used as a criterion for accepting the structure spaces that were initially generated with Boltzmann weight at a nite temperature. The initial geometries were optimized with PW91/DND implemented in the DMol 3 soware package. 75 Then the identied conformations within 10 kcal mol À1 of the lowest binding energy were calculated at the M06-2X/6-311+G(2d,p) level of theory. Frequency calculations were executed to ensure that there were no imaginary frequencies for each stationary point. Geometry and frequency calculations were performed using the Gaussian09 program. 76 The thermochemistry was calculated using the harmonic-oscillator and rigid-rotor approximations at 298.15 K and 1 atm. Finally, single-point energy calculations were performed at the DF-LMP2-F12/VDZ-F12 level of theory, based on the optimized geometries at the M06-2X/6-311+G(2d,p) level of theory, using Molpro 2010.1.
77 Structural information was provided by Chemcra 1.6 (http:// www.chemcraprog.com).
In previous studies, the M06-2X, PW91PW91 and uB97X-D DFT functionals have presented good performance in modeling the formation of atmospheric nucleation clusters.
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Thus, a sensitivity analysis on the performance of these three DFT methods was conducted. The detailed information is presented in the ESI. † According to the results, we nd that the maximum error in the DFT binding energy reaches 2.94 kcal mol À1 for PW91PW91/6-311+G(2d,p), which results from the formation of (OA) 1 (W) 1 clusters. Although there is a relatively larger scatter in the DFT binding energy, the thermal contribution to the Gibbs free energy varies signicantly less, within 1 kcal mol À1 . When the basis set is changed from a large 6-311++G(3df,3pd) basis set to a smaller 6-311+G(2d,p) basis set, a small effect (within 0.9 kcal mol À1 ) on the Gibbs free energy is obtained. This indicates that the electronic binding energy is the largest source of error when using DFT for these systems.
Comparing CCSD(T)-F12a/VDZ-F12 with DF-LMP2-F12/VDZ-F12, whether the geometries have been optimized using the 6-31++G(d,p) or 6-311++G(3df,3pd) basis set, we nd a minor effect on the calculation of the Gibbs free energies.
In conclusion, our results indicate that the DF-LMP2-F12/ VDZ-F12//M06-2X/6-311+G(2d,p) basis set can be used as a good compromise between accuracy and computational efficiency.
Results and discussion

Structures
In this study, we use mOA$1DMA$nW-j notation to present the
Here, "m" denotes the number of oxalic acid molecules, "n" denotes the number of water molecules, and "j" (j ¼ a À j) is used to differentiate various isomers with the same number of oxalic acid, dimethylamine and water molecules, arranged in order of increasing relative single-point energy. bond formed between the oxalic OH group and the oxygen of water has a short H/O bond distance of 1.664Å. For the dihydrated oxalic acid clusters, the two water molecules bound to oxalic acid create a single ring, which is found to be the most stable conformation. In this cluster, the bonding of the carboxylic acid to the oxygen of water appears to be the strongest, with the shortest bond distance of 1.589Å. Then, the acid bound water binds to the second water, forming a H/O bond Fig. 1 The global minima for ( 
In the case of clusters with two oxalic acid molecules, the most stable structure is found to be the two oxalic acid molecules binding through the adjacent carbonyl group and the interior acid OH group, with a bond distance of 1.895Å. From Fig. 1 , the two oxalic acid molecules hydrated with one to three water molecules formed nearly planar ring structures, which are the most stable conformations. For monohydrated clusters, the water molecule acts as a bridge and interacts with the external carboxylic acid group of one oxalic acid molecule with the shortest bond distance of 1.539Å, and binds the carbonyl group of the other oxalic acid molecule with a bond distance of 1.799Å. When a second water molecule is added, the bonding is approximately symmetrical with an acidic proton bonding to an oxygen of water with the same distance of 1.501Å. The water also binds to the carbonyl group, and the hydrogen bond distances are also the same at 1.864Å. For the trihydrated cluster, the third water molecule inserts into the dihydrated cluster by connecting with the hydrogen of one water molecule, with a bond distance of 1.776 A, and the adjacent carbonyl group, with a bond distance of 1.911Å. The addition of a fourth water molecule changes the most stable conguration from a planar ring structure to a cagelike structure, where the two oxalic acid molecules form a parallel double layer structure.
Clusters with C 2 H 2 O 4 , CH 3 NHCH 3 and
The most stable clusters of oxalic acid with dimethylamine are presented in Fig. 2 . One hydrogen bond is formed between one of the acid groups and the nitrogen of ammonia, with a distance of 1.512Å and a nearly linear bond angle. For the (
conformations, among the different structures obtained, the ten lowest energy congurations were chosen. Here, only the global minimum structures are shown in Fig. 2 and described in detail, the other low energy isomers are presented in the ESI. † For (C 2 H 2 O 4 ) 1 (CH 3 NHCH 3 ) 1 (H 2 O) 1 , a total of six isomers of the monohydrated cluster were characterized in Fig. 2 and S1. † All of the isomers exhibit proton transfer from oxalic acid to dimethylamine, except for the least stable cluster. The OH bond length in a free oxalic acid monomer is 0.973Å, and aer bonding with dimethylamine and water, the OH bond is elongated to 1.424Å, indicating proton transfer from the oxygen of oxalic acid to the nitrogen of dimethylamine. Seven stable isomers of (C 2 H 2 O 4 ) 1 -(CH 3 NHCH 3 ) 1 (H 2 O) 2 are identied in this work. In the most stable conformation, the second water interacts with the deprotonated oxygen of oxalic acid, and the OH hydrogen bond distance appears to be slightly increased from 1.424Å to 1.542 A. As the number of water molecules increases up to two, proton transfer exists in all isomers. The resulting ion pair is stabilized by water molecules through hydrogen bonding interactions. The 7 most stable clusters of oxalic acid with dimethylamine and three water molecules are shown in Fig. 2 and S2. † The most stable cluster has two adjacent cyclic hydrogen bonded networks. The intramolecular hydrogen bond between the carbonyl group and the OH group of the adjacent carboxylic acid group appears to be little affected, as evidenced by a slightly shortened hydrogen bonding distance of 1.960Å, compared to 2.120Å in the monomer. As the number of water molecules increases up to four, the number of possible conformers and the complexity of the congurations increases signicantly, and all of the clusters were found to spontaneously ionize.
(
cluster without water, proton transfer could happen. The two oxalic acid molecules interact through the carbonyl group and the adjacent carboxylic acid group, completing the circuit with the shortest bond distance of 1.369 A, with one intramolecular interaction also present. 2 were identied in this work. The two water molecules bind to the dimethylamine and two oxalic acids forming two closed rings. The bonding of the two oxalic acid molecules appears to be the strongest, having the shortest bond distance of 1.519Å. A total of ten and seven isomers of 4 are shown in Fig. 2 and S4. † The hydrogen bond network changes from a nearly planar ring structure to a cage-like conguration. Increasing the number of water molecules tends to promote proton transfer from oxalic acid to dimethylamine, even though the oxalic acid molecule does not connect with dimethylamine directly.
Thermochemical analysis
The relative single-point energy, DE (0 K), the intermolecular enthalpy, DH (298.15 K) and the Gibbs free energy, DG (298.15 K), of the global minima for the ( Tables 1-4 . The Gibbs free energy changes of oxalic acid hydration and dimethylamine hydration in our study are summarized in Table  1 , and the results are almost all positive except for the cluster with two oxalic acids and two water molecules, which has a value of À0.65 kcal mol À1 . The dimethylamine hydration conformations are explained in our earlier study. 71 It may be deduced from Table 1 that the (C 2 H 
clusters may not be favorable in the atmosphere.
The Gibbs free energy changes of the formation of the clusters containing one oxalic acid molecule along with dimethylamine and water are presented in Table 2 . The Gibbs free energy of the interaction of oxalic acid with dimethylamine is À4. 16 larger than the unhydrated interaction. In contrast, the free energy of the interaction between oxalic acid hydrated with one 
clusters the maximum Gibbs free energy change is observed when the number of water molecules is three. This is consistent with the structural explanation, in which the planar ring structure may be more favorable than the cage-like conguration. Furthermore, hydration of the oxalic acid and dimethylamine clusters promotes proton transfer from the oxygen of the carboxylic acid group to the nitrogen of the dimethylamine, indicating the formation of a stabilized dicarboxylate aminium ion pair.
Temperature dependence of cluster formation
The contribution from the global minimum is important for the ensemble of energetically accessible conformations because it is the most common conformer in the population. However, as the cluster systems become larger and the congurations more complex, the energetic difference between the global minimum and low local minima gets smaller due to the exible hydrogen bond networks. This would suggest that the presence of local minima in the population might also be signicant. Previous studies have revealed that the thermodynamic properties and the stability order of isomers may change at different temperatures. 65, 71, 84 Thus, understanding the temperature dependence of cluster formation is important, especially at atmospheric temperature. However, because the wall loss of the clusters increases as the temperature decreases, it is hard to perform the relevant experiments at low temperature. Here, theoretical calculations can provide such data. The relevant computational methods have been given in our previous work.
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For (OA)(DMA)(W) n (n ¼ 0-4), the variation of the population distribution of the isomers versus the temperature, ranging from 100 K to 300 K, is presented in Fig. 3 . For monohydrates, our calculations predicted that the proportion of isomer-a in the population remained almost constant in the temperature range of 100-300 K. Isomer-a was the most prevalent conformer with a share of practically 100 percent. It is also interesting to notice from Fig. 3(b) that the changes in weighting for the (OA)(DMA)(W) 2 isomers with respect to temperature are very pronounced, especially for isomer-b and isomer-e. The second most stable isomer, isomer-b, is the most common, but its proportion in the population drops signicantly from 80% to 49% as the temperature increases from 100 to 300 K. Meanwhile, the proportion of isomer-e increases from 3% to 28% as the temperature increases. Below 200 K, isomer-a is the second most common isomer, but it is replaced by isomer-e when the temperature is above 200 K. However, in the temperature range of 100-300 K, the weighting of isomer-a almost remained constant at about 18%. The other isomers are negligible. In the case of n ¼ 3, given in Fig. 3(c) , the results show that the isomer distribution follows a similar trend to the (OA)(DMA)(W) 1 clusters with respect to temperature, as discussed above. For the (OA)(DMA)(W) 4 clusters, our results predict a very smooth decrease in the proportion of isomer-a from 98% to 67% with increasing temperature. The proportion of isomer-b, isomer-c and isomer-d increases slightly, and the growth rate of isomer-c and isomer-d is clearly higher than that of isomer-b.
The temperature dependence of the isomer distribution for (OA) 2 (DMA)(W) n (n ¼ 0-4) is displayed in Fig. 4 . Fig. 4(a) shows that isomer-a plays a dominant role at temperatures below 200 K, and then diminishes very slightly. As the temperature increases up to 200 K, there is a slight rise in the proportion of isomer-d. It is interesting to nd that the population distribution of the isomers of (OA) 2 (DMA)(W) 2-3 changes in a similar way to the population distribution of the (OA) 2 (DMA)(W) 1 isomers with rising temperature. However, for (OA) 2 (DMA)(W) 3 , the proportion of isomer-a falls signicantly when the temperature is above 200 K, and there is an obvious increase in isomer- Table 3 Energy changes associated with the formation of (C 2 H 2 O 4 ) 2 (CH 3 NHCH 3 )(H 2 O) n (n ¼ 0-2). The energies are in kcal mol À1 , and were calculated at the DF-LMP2-F12/VDZ-F12//M06-2X/6-311+G(2d,p) level of theory b, isomer-f and isomer-h. According to the results in Fig. 4(d) , our calculations predict a slight decrease in isomer-a below 200 K, and then the proportion of isomer-a remains approximately constant. Meanwhile, the proportion of isomer-b increases slightly below 200 K, and then remains constant.
In conclusion, at low temperature, the weightings of the global minima are approximately 100%, except for the (OA)(DMA)(W) 2 clusters, which indicates that the structure of all the clusters is the same at low temperature. For the (OA)(DMA)(W) 1, 3 clusters, the most stable isomers remain predominant at close to 100% in the temperature range of 100-300 K, due to the considerably different Gibbs free energy values between their global minimum and local minima. The effects of temperature contribute to the alternation of the stability order of the isomers of (OA)(DMA)(W) 2 . Our calculation results predict that, for the (OA) 2 (DMA)(W) n (n ¼ 0-4) clusters, 200 K is a turning point. As seen in Fig. 4(a-c) , the proportion of isomera is almost unchanged below 200 K, and then decreases to a different extent for each cluster size, while isomers of (OA) 2 (DMA)(W) 4 vary in the opposite way.
The temperature dependence of the thermodynamic properties is an important parameter that is crucial to understanding how a specic nucleation mechanism plays roles at different temperatures in the atmosphere. from 100 K to 300 K. For the (OA)(W) n (n ¼ 0-4) and (OA) 2 (W) n (n ¼ 0-4) clusters, all of the clusters may be favored at low temperature, while at room temperature, all of the clusters are unfavorable except for (OA) 2 (W) 2 . Meanwhile, for the (OA)(DMA)(W) n (n ¼ 0-4) and (OA) 2 (DMA)(W) n (n ¼ 0-4) clusters, cluster formation is favored at temperatures from 100 K to 300 K. There is a similar trend for all complexes, in which cluster formation becomes unfavorable as the temperature gradually increases. The different temperature dependence behaviors between oxalic acid hydrate and oxalic acid-dimethylamine could be explained by the enhanced stability from acid-base binding for the latter.
Atmospheric relevance
In previous studies, 37, 56 it was shown that hydration plays an important role in the interaction of amines and dicarboxylic acids, indicating that dicarboxylic acids can contribute to aerosol nucleation. The formation energies and structures of oxalic acid with dimethylamine show that oxalic acid combines with dimethylamine in the atmosphere by forming aminium dicarboxylate ion pairs, which contribute to the nucleation of atmospheric nanoparticles. In addition, hydration affects proton transfer from oxalic acid to dimethylamine. However, the number of water molecules in the clusters is affected by the relative humidity (RH). To get further results, the hydrate distributions of the "core" (C 2 H 2 O 4 ) 1 (CH 3 NHCH 3 ) and (C 2 H 2 -O 4 ) 2 (CH 3 NHCH 3 ) were estimated at different RHs. As an nhydrate in this study, the relative concentration can be given as:
where K n is the equilibrium constant for the formation of an nhydrate from one water molecule and an (n À 1)-hydrate. r represents the concentration of different species and S is the saturation ratio, dened as the ratio of the proper partial pressure of the water vapor to the saturation vapor pressure, and thus the relative humidity is dened as RH ¼ 100% Â S, and the reference pressure P is 1 atm. The hydration level, n, can be any value between 1 and 4.
The hydrate distributions for all of the studied core clusters are presented in Fig. 6 for four values of RH (20%, 50%, 80% and 100%) with a constant temperature of 298.15 K. As shown in Fig. 6(a) , the total concentration of the (C 2 H 2 O 4 ) 1 (-CH 3 NHCH 3 ) 1 cluster was mainly dispersed as the un-, tri-and tetrahydrates. As RH increases, the most prevalent species changes from unhydrated clusters to trihydrates. When the RH is close to 50%, more than 50% of the clusters are hydrated. The dihydrated cluster almost does not exist at 20%, but is present at a proportion of as much as 6% at a relative humidity of 80%. The hydration patterns of the clusters containing two oxalic acid molecules with one dimethylamine are revealed in Fig. 6(b) . The unhydrated cluster clearly dominates the cluster distribution, irrespective of whether the humidity is low or high. With increasing RH, the percentage of unhydrated clusters gradually decreases slightly from 91% to 80%, while the percentage of mono-and dihydrates increases gradually from 2% to 10%, and 0.5% to 10%, respectively. The larger hydrated rð1; nÞ clusters are virtually nonexistent at the various relative humidities.
Under the most tropospherically reasonable conditions, the peak hydration distribution shis from unhydrated clusters to trihydrates for the (OA)(DMA)(W) n (n ¼ 0-4) clusters. This behavior can probably be explained by analyzing the conformation of the (OA)(DMA)(W) n (n ¼ 0-4) clusters: here the oxalic acid is still intact for the unhydrated cluster, as opposed to the hydrated clusters where the acid has dissociated forming a dicarboxylate aminium ion pair, creating stronger bonding. Meanwhile, for the (OA) 2 (DMA) 1 (W) n (n ¼ 0-4) clusters, the distribution peak stays at the unhydrated level. Similar reasoning also explains the distribution of the clusters containing two oxalic acid molecules with dimethylamine, since the proton transfer reaction that occurs forms the most strongly bound of all the two acid-dimethylamine clusters. At the same relative humidity, the distribution of the hydrates may not only be inuenced by the relative humidity, but may also be related to the stability of the clusters under atmospherically relevant conditions.
Evaporation rates
Recently, the cluster evaporation rates based on the formation free energy gained by quantum chemical calculation have been identied to be a signicant parameter to investigate the very early stages of particle formation. 86, 87 As can be seen in Fig. 7(a) , for hydrated clusters just containing one oxalic acid and one dimethylamine molecule, the evaporation of DMA will be more preferred than evaporation of OA. The reason for this high DMA evaporation rate is that the hydrated oxalic acid cluster is more stable than the hydrated dimethylamine cluster. As hydration of the neutral clusters signicantly affects the collision rate, the presence of water qualitatively changes the effect of OA and DMA on the evaporation rates. The stability of the clusters increases as the number of water molecules increases up to three, due to a marked drop in the evaporation rate of both oxalic acid and dimethylamine molecules. Obviously, the evaporation of water is more signicant than the evaporation of oxalic acid and dimethylamine. This is due to the very simple reason that proton transfers from oxalic acid to dimethylamine play an important role in stabilizing the acid-base cluster. The evaporation rates aer adding a second oxalic acid molecule are shown in Fig. 7(b) . The evaporation of oxalic acid starts to be more important than the evaporation of DMA, around 3-9 orders of magnitude higher. The (OA) 2 (DMA)(W) n (n ¼ 0-4) 5 (OA)(DMA) + (OA)(W) n (n ¼ 0-4) ssion rate is smaller than the evaporation rate of one oxalic acid molecule, but higher than the evaporation rate of the dimethylamine molecule, so the cluster's lifetime will be determined by the evaporation rate of oxalic acid rather than the ssion process. When the number of water molecules is increased to four, the evaporation rate of oxalic acid is considerably close to the evaporation rate of water. For all clusters, evaporation of the water molecules is always preferred. Hydration of the (OA)(DMA) clusters has a more important effect on the acid or base evaporation rate than hydration of the (OA) 2 (DMA) clusters. This is because water molecules promote proton transfer for the (OA)(DMA) clusters, while for the (OA) 2 (DMA) clusters, protons transfer without water molecules. Fig. 8 shows the difference in the evaporation rates of the clusters containing one or two oxalic acid molecules. For the unhydrated clusters, the evaporation of OA is higher for (OA)(DMA) than for (OA) 2 (DMA) by two orders of magnitude. The reason for this high OA evaporation rate is that the formation of the dicarboxylate aminium ion pair for the (OA) 2 (DMA) cluster stabilizes the cluster. As the clusters are hydrated, our results, shown in Fig. 8(a) , show that the evaporation rate of OA from (OA) 1 (DMA)(W) n (n ¼ 1-4) is low compared to that from (OA) 2 (DMA)(W) n (n ¼ 1-4). For the clusters containing the same DMA molecule, it can be seen in Fig. 8(b) that the evaporation rate of dimethylamine from the (OA)(DMA)(W) n clusters is larger than that from the (OA) 2 -(DMA)(W) n clusters, except for the clusters with three water molecules. For the clusters with one or two water molecules, the evaporation rate of water from (OA)(DMA)(W) n is close to that from (OA) 2 (DMA)(W) n . However, the difference in the evaporation rate of water changes signicantly aer adding a third water molecule, by around six orders of magnitude. In addition to the evaporation of the monomers, we also investigated cluster ssion, as shown in Fig. 8(d) . Our results show that the (OA) m (DMA)(W) n 5 (OA)(DMA) + (W) n /(OA)(W) n ssion rate follows a similar trend to the DMA evaporation rate with respect to the number of water molecules, as discussed above. A discrepancy in the trend of the evaporation rate for the clusters with three water molecules is that (OA)(DMA)(W) 3 is the most stable cluster for the (OA)(DMA)(W) n clusters.
Comparing the evaporation rates, we can see that the evaporation reactions of water molecules are more important than the evaporation reactions of the acid and base molecules. For the (OA)(DMA)(W) n clusters, hydration can decrease the evaporation rates of oxalic acid and dimethylamine, which contributes to the formation of the dicarboxylate aminium ion pair, promoted by water molecules. For clusters containing one OA and one DMA molecule, evaporation of DMA is preferred compared to OA, while the results are reversed for the (OA) 2 -(DMA)(W) n clusters.
Conclusions
In this study, the hydration of oxalic acid and dimethylamine has been investigated to reveal the interaction between oxalic acid and dimethylamine. For studying larger clusters, we have benchmarked the commonly used DFT methods and DF-LMP2-F12/VDZ-F12 method against CCSD(T)-F12/VDZ-F12. We nd that the DF-LMP2-F12/VDZ-F12//M06-2X/6-311+G(2d,p) method is a good compromise between efficiency and accuracy. The clusters containing one or two oxalic acid molecules with dimethylamine and up to 4 water molecules are studied. The results show that hydration promotes proton transfer from oxalic acid to dimethylamine for (C 2 H 2 O 4 )(CH 3 NHCH 3 )(H 2 O) n (n ¼ 0-4), while proton transfer occurs without hydration when the number of oxalic acid molecules increases up to two. The Gibbs free energy values show that the interaction between oxalic acid and dimethylamine is strongly dependent on the degree of hydration of the acids and dimethylamine. The maximum free energy change of the reaction is reached for the different cluster sizes, when oxalic acid is unhydrated while dimethylamine is hydrated. The interaction energy of oxalic acid with dimethylamine suggests that oxalic acid combines with dimethylamine by forming aminium dicarboxylate ion pairs, which may participate in the nucleation of atmospheric new particle formation. In view of the isomer distribution at the potential energy surface, temperature seems not to be an important parameter since almost all of the global minima for the investigated size range dominate within the temperature range studied, except for the ( Our results tentatively provide a reference for further study of nucleation from clusters containing dimethylamine and oxalic acid in the atmosphere. Further experimental and theoretical studies are required to investigate the synergetic effect of oxalic acid and dimethylamine on the nucleation system involving sulfuric acid, oxalic acid, dimethylamine and water.
